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ON-CHIP GRADED INDEX OF REFRACTION OPTICAL WAVEGUIDE AND 
DAMASCENE METHOD OF FABRICATING THE SAME 

This invention relates to optical waveguides formed in 
integrated circuit (IC) -like structures and positioned in 
interconnect layers of the IC-like structure. More 
particularly, this invention relates to a new and improved 
optical waveguide formed with a graded index of refraction in 
an IC-like structure. In addition, the present invention 
relates to a new and improved method of fabricating a graded 
index of refraction waveguide in an IC-like structure using 
damascene fabrication process steps that are typically 
employed in the fabrication of electrical integrated circuits. 

Cross-Reference to Related Inventions 

This invention is related to other inventions by the 
present inventors for a "On-Chip Single Layer Horizontal 
Deflecting Optical Waveguide and Damascene Method of 
Fabricating the Same" and "On-Chip Multiple Layer 
Transitioning Optical Waveguide and Damascene Method of 
Fabricating the Same," described in a concurrently filed U.S. 
patent applications Serial No. (98-243) and (98-242), 
respectively. These applications are assigned to the assignee 
hereof. The subject matter 1 of these applications is 
incorporated herein by this reference. 



The ongoing evolution of microcircuit design has focused 
on the speed and size of electrical integrated circuit (IC) 
components, typically in a silicon chip. IC designers 
continuously strived to make the IC faster while taking up 
less chip space. Currently, interconnection technology is 
considered as one of several areas that may be advanced to 
both increase the speed of the IC and to decrease the size of 
the chip. For instance, since most of the conductors that 
interconnect various functional components on the chip are 
made of metal and carry electrical signals, advances are being 
made in various metal compositions that can carry similar 
signals at a faster speed but which are smaller and thus 
consume less space. 

Optical signals carried by waveguides are sometimes 
considered as replacements to the more common electrical 
signals carried by metal conductors. Optical signals allow 
the IC to operate more quickly or at a higher speed, and 
unlike electrical signals, optical signals are usually not 
susceptible to noise and interference. In general, optical 
conduction and reduced susceptibility to noise and 
interference obtain increased speed in data transmission and 
processing. 

Furthermore, due to the coherent nature of laser optical 
signals and their reduced susceptibility to noise, many more 



optical signals can be routed in one waveguide or layer of 
waveguides than is possible using conventional electrical 
signal interconnect conductors'. Therefore, an IC-like 

structure incorporating optical interconnect waveguides may 

j 

have fewer waveguides and consume less space* 

One typical type of optical interconnection between two 

\ 

IC components comprises a single waveguid^_jof channel between 
the two components. In general this single waveguide is a 
straight conductive path between conversion devices which 
convert electrical signals to optical signals and convert 
optical signals to electrical signals. 

Another type of controllable optical interconnect is 
called a "railtap." A railtap comprises a first conversion 
device that converts an electrical signal from a first IC 
component to an optical signal, an interconnect waveguide that 
conducts the optical signal from the first conversion device 
to a second conversion device, where the second conversion 
device converts the optical signal to an electrical signal and 
applies it to the second IC component. Upon receiving an 
electrical signal from the first component, the railtap 
diverts an optical light signal from a light source waveguide 
into the interconnect waveguide. An active waveguide polymer 
is connected to electrodes, and the electrodes create an 
electric field about the active waveguide polymer, causing a 
change in the index of refraction of the polymer, usually 



making it closer to the index of refraction of the source 
waveguide o When the index of refractions of the railtap and 
the source waveguide are similar, light is refracted from the 
source into the railtap polymer. Light is thereby transmitted 
selectively through the interconnect waveguide toward the 
second component as a result of applying the electric field to 
the electrodes on the active waveguide polymer. 

The typical waveguide is formed of light transmissive 
material which is ' surrounded by an opaque cladding material. 
Optical signals propagate through the channel , guided by the 
cladding material. As the optical signals propagate through a 
particular waveguide, the signals impinge on the cladding 
material. if the index of refraction of the cladding material 
is lower than the index of refraction of the material within 
channel, the majority of the impinging light signal reflects 
from the cladding material and back towards the center of the 
channel. Thus the signal propagates through the channel as a 
result of reflection at the interface of the cladding 
material • 

On the other hand, if the index of refraction of the 
cladding material is equal to or greater than the channel 
material, the impinging light signal tends to refract into the 
cladding material, thus drawing some or all of the optical 
power of the light signal out of the waveguide. As more light 
is drawn out of the waveguide, the intensity of the signal 



received from the waveguide is reduced. An ideal, lossless 
waveguide propagates an optical signal without losing any 
signal intensity through refraction. 

Typical waveguides used as optical interconnects in IC- 
like structures comprise a singular channel material having a 
predetermined index of refraction which is greater than the 
index of refraction of the cladding material surrounding the 
channel. Consequently, losses in signal intensity are 
minimized because the refraction of light energy into the 
cladding material is minimized due to the lower index of 
refraction of the cladding material compared to the index of 
refraction of the channel material. However, the single index 
of refraction of the channel material eliminates the ability 
to tailor the waveguide to a lossless or near-lossless 
condition. 

Another drawback associated with fabricating single index 
of refraction waveguides relates to what is called "dishing." 
During a typical IC damascene process, material is first 
deposited in a trench or hole and then polished so that the 
upper surface of the deposited material is flush with the 
upper surface of the surrounding material. The different 
polish rates of the different materials often result in an 
increased portion of the deposited material being removed from 
the trench. Consequently, the upper surface of the material 
filling the trench is not coplanar with the upper surface of 



f * 

the surrounding material, but instead is somewhat concave 
(viewed top-down) , reducing the cross-sectional area of the 
deposited material. The somewhat concave surface may 
adversely interfere with signal propagation by causing 
5 unwanted reflection and lens effects. 

The dishing problem is generally worse for wider trenches 
than for narrow trenches. Unfortunately, narrowing the trench 
is not an acceptable solution since optical waveguides require 
specific cross sectional area dimensions to accommodate an 
10 integer number of wavelengths of the optical signal conducted. 
Q it is also known to form graded index of refraction 

f|j waveguides in IC-like structures. However, the structure of 
%j the graded index of refraction waveguide and the process by 

Bj which it is fabricated in the IC-like structure are unusual, 
15 and to a certain degree, are difficult to utilize effectively. 
[U For example, the waveguide material must first be formed, and 
H then the support structure for it must be eroded, dissolved or 
IB otherwise removed, leaving the waveguide material suspended 

and fully exposed in free space. A coating material is then 
20 vapor deposited in the three dimensions surrounding the 

waveguide material. Heat is applied, which causes the vapor 
deposited material to penetrate into the waveguide material 
from the exterior. The penetration of the vapor deposited 
material into the exterior of the waveguide material from all 
25 sides modifies the index of refraction of the exterior of the 
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waveguide material, thereby creating a graded index of 
refraction waveguide. 

While this prior process is effective in creating a 
graded index of refraction, the steps of eroding, dissolving 
5 or otherwise removing the support structure to expose the 

waveguide material in free space are unusual and difficult to 
accomplish* In general these steps are not typically applied 
in fabricating IC structures. Furthermore, this type of 
fabrication process cannot be applied in all types of IC-like 
10 structures because the supporting material cannot be removed 
O in some IC-like structures, and the deposition and heating of 
111 the material cannot be accomplished with some types of IC-like 
y structures. These steps will damage or adversely influence 
SI the other components formed on the structure* 

15 It is with respect to these and other considerations that 

fU the present invention has evolved. 

W Summary of the Invention 

M An aspect of the present invention is to form an improved 

optical waveguide having a graded index of refraction within 

20 an integrated circuit (IC) . Another aspect is to form an 

optical waveguide with higher transmission efficiencies and 
less losses. A further aspect is forming a graded index of 
refraction optical waveguide in an IC-like structure using the 
typical process steps used to fabricate a typical IC. Yet 

25 another aspect is to fabricate a graded index of refraction 
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waveguide while minimizing the effects of dishing. 

In accordance with these and other aspects, the present 
invention relates to a graded index of refraction waveguide in 
an integrated circuit-like structure having a substrate. The 
waveguide includes at least one layer of dielectric material 
positioned above the substrate which defined a trench having 
side walls. A refractive layer of optically transmissive 
material is formed within the trench adjoining the side walls. 
A core of optically transmissive material is also formed in 
the trench adjoining the refractive layer. The materials of 
the core, refractive layer and dielectric material are 
selected so that the index of refraction of the core is 
greater than the index of refraction of the refractive layer, 
and the index of refraction of the refractive layer is greater 
than the index of refraction of the dielectric material. 

In accordance with yet other aspects, the invention also 
relates to a method of fabricating a graded index of 
refraction optical waveguide in interlayer dielectric material 
located above a substrate an integrated circuit-like 
structure. The method includes the steps of forming an 
elongated trench in the dielectric material, forming a U- 
shaped refractive layer of optically transmissive material in 
the trench, forming a core of optically transmissive material 
within the U-shaped refractive layer, selecting the core 
material to have a higher index of refraction than the 
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material of the refractive layer, and selecting the material 
of the refractive layer to have a higher index of refraction 
than the dielectric material* 

In accordance with still further aspects, the invention 
also relates to a method of fabricating a graded index of 
refraction optical waveguide in interlayer dielectric material 
located above the substrate in an integrated circuit-like 
structure. A refractive layer of optically transmissive 
material is formed surrounding a core of optically 
transmissive material within a trench in the dielectric 
material. The material of the core is selected to have a 
higher index of refraction than the material of the refractive 
layer, and the material of the refractive layer is selected to 
have a higher index of refraction than the dielectric 
material <. 

Selecting the index of refraction of the refractive layer 
to be less than that of the core but greater than that of the 
dielectric material creates a gradation in the indices of 
refraction which refracts a greater amount of the light energy 
into the core, rather than allowing the light energy to be 
lost into the surrounding dielectric material. The efficiency 
of the waveguide is thereby increased and the losses are 
decreased. 

Other preferred features of the present invention are 
described in this paragraph. The core may be surrounded on 



all but one side by the refractive layer. The refractive 
layer may be U-shaped to surround the core except on the one 
side. A cap of refractive material having essentially the 
same index of refraction as the U-shaped refractive layer 
5 extends across the one side of the core between ends of the U- 
shaped refractive layer. A second refractive layer of 
optically transmissive material in addition to the first 
refractive layer may be formed in the trench between the core 
and the first refractive layer. The second refractive layer 
10 has an index of refraction which is less than the index of 
m. refraction of the core and greater than the index of 
tu refraction of the first refractive layer. Caps of the 
J" refractive material extend across the one side of the core 
ul between ends of one of the first or second U-shaped refractive 
L5 layers to form encircling refractive layers surrounding the 
m core. The first and second refractive layers are preferably 
*~t formed by deposition in a self aligned manner within the 
trench. 

The fabrication method preferably employs a damascene 
20 technique of forming the trench into the dielectric material 
from an upper exposed surface of the dielectric material and 
thereafter progressing in the self-aligning and filling 
process steps as described. Consequently, the graded index of 
refraction waveguide may be formed in an IC-like structure 
25 using the typical, well-known and reliable fabrication 
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techniques employed in other types of IC fabrication, 
particularly when the IC-like structure includes both 
electrical and optical components. 

A more complete appreciation of the present invention and 
its scope, and the manner in which it achieves the above noted 
improvements, can be obtained by reference to the following 
detailed description of presently preferred embodiments of the 
invention taken in connection with the accompanying drawings, 
which are briefly summarized below, and by reference to the 
appended claims. 

Brief Description of the Drawings 

Fig. 1 is a partial, vertical cross-sectional view of an 
integrated circuit-like structure having an on-chip graded 
index of refraction optical waveguide which incorporates the 
present invention . 

Figs. 2-6 are cross-sectional views showing a sequence of 
steps involved in fabricating the optical waveguide shown in 
Fig. 1, according to the present invention. 

Fig. 7 is a partial, vertical cross-sectional view of an 
integrated circuit-like structure incorporating another 
embodiment of an on-chip graded index of refraction optical 
waveguide which incorporates the present invention. 

Figs. 8-9 are cross-sectional views showing modified 

process steps involved in fabricating the waveguide shown in 

Fig. 7 according to the present invention. 
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Fig. 10 is a partial, vertical cross-sectional view of 
an integrated circuit-like structure incorporating a third 
embodiment of an on-chip graded index of refraction optical 
waveguide which incorporates the present invention. 

Detailed Description 
A portion of an integrated circuit (IC) -like structure 
20 incorporating a graded index of refraction optical 
waveguide 22 is shown in Fig. 1. The IC-like structure 20 may 
have functional electronic components (not shown) located in a 
substrate 24. These functional components may be electrically 
connected to each other by interconnect conductors (not shown) 
located in layers above the substrate 24 or by waveguides 
(such as that shown at 22) which are also located in layers 
above the substrate 24. Insulation-type dielectric material 
26, formed in layers 26a, 26b, 26c, etc., separates the 
electrical components of the substrate 24 from interconnect 
conductors and waveguides. In other types of IC-like 
structures, waveguides alone may be used to form interconnects 
between electrical components. In still other types of IC- 
like structures, only waveguides may be as the interconnects, 
and the functional components connected to those waveguide 
interconnects will be located externally of the IC-like 
structure . 

The waveguide 22 is made of an optically transmissive 
material. The interlayer dielectric material 26 forms a 
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cladding material for the waveguide 22. The dielectric 
material 26 may or may not be light transmissive material. 
Preferably however, the interlayer dielectric material 26 has 
a relatively low index of refraction compared to a relatively 
higher index of refraction of all of the light transmissive 
components of each waveguide located within the dielectric 
material 26. 

The waveguide 22 includes a U-shaped refractive layer 30. 
The U-shaped refractive layer 30 is formed by leg portions 27 
and 28 that extend substantially vertically (as shown) and a 
bottom portion 29 that extends substantially horizontally (as 
shown) between the bottom ends up the leg portions 27 and 28. 
The leg and bottom portions 27, 28 and 29 have a substantially 
equal or uniform thickness. 

The waveguide 22 also comprises a center or core material 
32 which is positioned within, and conforms to, the interior 
of the U-shaped refractive layer 30. The core material 32 has 
a higher index of refraction than the refractive layer 30. As 
shown in Fig. 1, the core material 32 is substantially 
rectangular and preferably square. An upper surface 33 of the 
core material 32 is preferably flush with upper edges 31 of 
the U-shaped refractive layer 30. 

The dielectric material 26 in the layer 26c located above 
the waveguide 22 is similar to the dielectric material 26 in 
the layer 26b located below the waveguide 22 and is similar to 
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the layer 26a of dielectric material 26 located on the sides 
of the waveguide 22. The material 2 6c above the waveguide 22 
may separate the waveguide 22 from other upper layers of 
interconnect waveguides (not shown) , which are described in 
the concurrently filed application for "On-Chip Multiple Layer 
Transitioning Optical Waveguide and Damascene Method of 
Fabricating the Same/' noted above. 

The waveguide 22 propagates an optical signal in a 
direction orthogonal to the view shown in Fig. 1. As the 
light signal propagates through core material 32, portions of 
the signal may diverge and impinge on the refractive layer 30. 
Since the index of refraction of the refractive layer 30 is 
less than the index of refraction of the core material 32, a 
substantial amount of the energy of the diverging light signal 
is reflected back into the core material 32. The light energy 
which enters the refractive layer 30 may further be diverted 
toward the dielectric material 26 until it eventually impinges 
on the dielectric material 26. Since the index of refraction 
of the dielectric material 26 is less than the index of 
refraction of the refractive layer 30, most of the light 
energy in the refractive layer 30 signal is reflected away 
from the dielectric material 2 6, back into the refractive 
material 30. Any light energy deflected toward the interface 
between the refractive material 30 and the core material 32 
will encounter the relatively greater index of refraction of 
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the core material 32 compared to that of the refractive 
material 30, which will cause a majority of the light to move 
into the core material 32. 

Because of the "graded" indices of refraction obtained by 
5 the relatively higher index of refraction of core material 32, 
the relatively intermediate index of refraction of the 
refractive material 30 and the relatively lower index of 
refraction of the dielectric material 26, only a small portion 
of the light energy enters the dielectric material 26 and is 
10 lost. The graded index of refraction characteristics of the 

waveguide 22 confines the majority of the optical energy in 
12 the waveguide 22, which reduces losses in optical signal 
y° energy, and enhances the quality of the optical signal- The 
m optical losses can be reduced to almost zero by the time any 
L5 portion of the optical signal reaches the dielectric material 

% The waveguide 22 is particularly useful in conducting so- 

b ■* i' 

called single mode optical signals. Single mode optical 
signals are polarized and generally have their radiation 

20 energy oscillating in a single plane. In the case of the 

optical waveguide 22, the single mode oscillation of the light 
energy is in a horizontal plane. The horizontally oscillating 
energy encounters the vertical legs 27 and 28 of the U-shaped 
refractive layer 30 which establish the graded refractive 

25 function and confine the substantial majority of the 
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horizontally oscillating light energy in the core material 32. 
Thus, the single mode oscillations in the horizontal plane 
will not normally be rotated or disturbed so as to avoid 
interaction with the U-shaped graded refractive layer 30. 

Should the light energy be disturbed from the polarized 
horizontal oscillating plane, a graded refractive effect will 
result when the light energy encounters the bottom portion 29 
of the refractive layer 30 in the same manner that the leg 
portions 27 and 28 create a refractive effect. However, when 
any light energy encounters the surface 33 of the core 
material 32 which interfaces with the dielectric material 26c, 
a refractive effect will still occur because of the relatively 
higher index of refraction of the core material 32 compared to 
that of the dielectric material 26c. Thus, a reflective 
effect is obtained at the upper surface 33 of the core 
material 32, but the degree of energy lost into the dielectric 
material 26c is greater because of the angle at which the 
diverging optical energy encounters the interface at the 
surface 33. Accordingly, the waveguide 22 does not provide an 
entire graded index of refraction capability surrounding the 
core material 32 on all sides. In many applications, the 
location of the refractive layer 30 on three sides of the core 
material 32 is adequate. 

The waveguide 22 can be formed using conventional 
damascene semiconductor fabrication techniques, using the same 

16 



materials and process steps employed in creating electrical 
IOlike structures 20, even when that structure 20 includes 
electronic components in addition to the optical components. 
Details concerning the process steps for fabricating the 
5 optical waveguide 22 shown in Fig. 1 are described below in 
sequence in conjunction with Figs. 2-6. 

The process steps of forming the waveguide 22 generally 
begin at the stage shown in Fig. 2 where an additional layer 
2 6a of dielectric material has been formed on an upper surface 
10 34 of the lower layer 26b of dielectric material using 
J;; conventional deposition techniques. Preferably the dielectric 
yj material of the layer 26a is of the same type as the 
yj dielectric material of the layer 26b. However, the material 
hi of the layer 2 6b may be any type of material which is suitable 
fl^5 for use as cladding material for a waveguide. 

m Generally, the upper surface 34 of the layer 26b has been 

Jfl previously polished, making the surface 34 relatively planar. 
The layer 2 6a of dielectric material is then deposited by 
conventional techniques such as chemical vapor deposition 
20 (CVD) or spin-on deposition, A relatively uniform depth of 
dielectric material in the layer 26a results, having a 
relatively smooth upper surface 36. 

The next step involves forming a trench 38 into the layer 
26a, as shown in Fig. 3. The trench 38 is preferably formed 
25 by etching, and the etching is preferably accomplished using 
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conventional photoresist deposition, photolithographic 
patterning and reactive ion etch steps. Reactive ion etching 
creates the trench 38 with substantially vertical side walls 
40 and a substantially horizontal bottom surface 42. The 
5 trench 38 extends down to the upper surface 34 of the lower 

layer 2 6b of the dielectric material 26. Any of several known 
techniques can be used to control the depth of the trench 38. 
For example, one technique involves stopping the reactive ion 
etch process at a predetermined time related to the depth to 

10 which the etching has progressed. Another technique involves 
" forming a conventional etch stop layer on the upper surface 34 

11 of the layer 2 6b (Fig. 2) prior to the deposition of the 

yj material 26a. An etch stop layer is a thin layer or change in 
hi characteristics or chemical composition which causes the 
jU5 reactive ion etching to stop when it reaches the etch stop 
fy layer, as is known. 

J The depth and width of the trench 38 is selected to 

accommodate the characteristics of the horizontally polarized 
optical waves guided by the waveguide 22 (Fig. 1) . Depending 
20 on the frequency characteristics of the optical signals 

conducted, the depth and width should be deep and wide enough 
to accommodate an integer number of wavelengths, as is known 
in the field of optical signal transmission. 

Next, a layer 44 of optically transmissive refractive 
25 material is deposited on the side walls 40 and the bottom 
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surface 42 of the trench 38, and on the adjacent upper surface 
36 of the layer 26b of dielectric material 26a as shown in 
Fig. 4. The refractive layer 44 is preferably deposited using 
chemical vapor deposition. The refractive layer 44 is of a 
5 relatively uniform thickness. 

The next step involves depositing a coating 46 of the 
core material 32, as shown in Fig. 5. The coating 46 fills 
the opening remaining in the trench 38 after the refractive 
layer 44 has been deposited and also preferably covers upper 
1.0 surfaces 47 of the refractive layer 44 as shown in a Fig. 5. 
5! The core material 32 must completely fill the open interior of 
j y the refractive layer 44 within the trench 38, 
y Once the core material 32 has been deposited in the 

ul coating 4 6, the upper surface of the coating 4 6 and the upper 
£L5 surface of the refractive layer 44 are removed using chemical- 
m mechanical polishing (CMP), as shown in Fig. 6. The CMP step 

J removes substantially all of the layer 44 of the refractive 

W material 32 and the coating 4 6 of the core material 32 outside 

of the trench 38 and above the upper surface 36 of the 
20 dielectric material layer 26a, leaving only the U-shaped 

refractive layer 30 and the core material 32 within the trench 
38. The CMP step also causes the upper surface 33 of the core 
material 32, the upper edges 31 of the legs 27 and 28 of the 
U-shaped refractive layer 30, and the upper surface 36 of the 
25 layer 26a of the dielectric material 26 to become 
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substantially planar. 

Because the dielectric material 26a, the refractive layer 
30 and the core material 32 will typically have different 
degrees of hardness, they will polish at different rates. The 
harder materials will tend to resist polishing, while the 
adjacent softer materials will tend to polish more quickly at 
locations spaced from the harder materials. As a 
consequence, there is a tendency for a slight "dishing" effect 
to be created, where the surface of the softer material 
between areas of harder materials is slightly concave or 
dished, compared to a planar surface. 

The structure of the waveguides of the present invention 
reduces the tendency for dishing. The upper edges 31 of the 
leg portions 27 and 28 of the U-shaped refractive layer 30 
tend to resist dishing to a greater extent than if the 
refractive layer 30 was not employed. The upper edges 31 tend 
to resist the erosion effect created by the CMP, thereby 
minimizing the dishing of the core material 32 between the leg 
portions 27 and 28. The use of the U-shaped refractive layer 
30 minimizes the amount of the core material 32 which is 
subject to dishing. The U-shaped refractive layer 30 narrows 
the overall width of the core material 32, and a narrower 
width of a lesser amount of core material 32 reduces the 
probability and extent of dishing. The known characteristics 
and CMP polish rates of the materials used allows the process 
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to be practiced to minimize detrimental effects of dishing. 

Following the CMP process step shown in Fig. 6, the 
process of forming the waveguide 22 is completed by depositing 
the upper layer 2 6c of dielectric material 2 6 on the upper 
surface 36 of the dielectric material layer 26a, as shown in 
Fig. 1. The layer 26c covers the upper edges 31 of the U- 
shaped refractive layer 30 and the upper surface 33 of the 
core material 32, as shown in Fig. 1. The deposition of the 
upper dielectric material layer 2 6c is accomplished by steps 
similar to the deposition of the material 26a as shown in Fig. 
2. Preferably, the deposition of the upper dielectric 
material layer 2 6c is accomplished by either conventional CVD 
or spin-on processes. 

The fabrication of the waveguide 22 using the steps 
described in Figs. 2-6 does not involve any new or unusual 
process steps. The steps employed are well known in the field 
of conventional electrical IC fabrication. The process steps 
involve the use of damascene fabrication techniques, which are 
well-known and conveniently applied in conventional electrical 
IC fabrication processes. Many of the steps are self- 
aligning, as shown in Figs. 4 and 5, which further contributes 
to the relative ease of practicing the fabrication technique. 
The steps are highly reproducible and have a known yield 
predictability rate, which contributes to reliability in 
manufacturing. 
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Although the waveguide 22 shown in Fig. 1 is primarily- 
useful in transmitting single mode optical signals, another 
waveguide 50 of the present invention, shown in Fig. 7, is 
useful primarily in conducting multi-mode optical signals. 
Multi-mode optical signals have oscillations of optical energy 
in mutually perpendicular planes or in any number of planes 
parallel to an axis extending along the waveguide 50. 

The waveguide 50 shown in Fig. 7 is essentially similar 
to the waveguide 22 shown in Fig. 1 except for an encircling 
refractive layer 52. The encircling refractive layer 52 is 
formed by a cap portion 54 which is formed on the U-shaped 
refractive layer 30. The cap portion 54, in conjunction with 
the U-shaped refractive layer 30, creates the encircling 
refractive layer 52 which completely surrounds and encloses 
the core material 32. The cap portion 54 extends across the 
U-shaped layer 30, contacting both upper edges 31 of the leg 
portions 27 and 28 while extending across the upper surface 33 
of the core material 32. The cap portion 54 is made of the 
same material used to form the U-shaped refractive layer 30; 
consequently the entire encircling refractive layer 52, formed 
by the cap portion 54 and the U-shaped portion 30, has the 
same index of refraction. 

The cap portion 54 creates a graded index of refraction 
effect at the top surface 33 of the core material 32 in the 
same manner that the graded index of refraction is established 
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by the U-shaped refractive layer 30 on the other three sides 
of the core material 32. As optical signals propagate through 
the core material 32, the light energy impinges on the cap 
portion 54, rather than being refracted into the upper layer 
26c of dielectric material 26. Since the refractive material 
of the cap portion 54 has a lower index of refraction than the 
core material 32, most of the light energy is reflected at the 
cap portion 54 back into the core material 32. Any refracted 
light that enters into the cap portion 54 eventually impinges 
on the dielectric material of the layer 26c. However, because 
the index of refraction of the cap portion 54 is less than 
that of the dielectric material layer 26c, the optical energy 
of the signal is mostly reflected back into the cap portion 54 
and then back into the core material 32, rather than into the 
dielectric material 26. Thus, by incorporating the cap 
portion 54 in the waveguide 50, multi-mode signals may be 
conducted within the waveguide with significantly less losses 
of energy into the material 26. 

The waveguide 50 is fabricated using a continuation of 
the same process steps used in fabricating waveguide 22 
previously discussed above in connection with Figs. 2-6. Once 
the CMP process step discussed with respect to Fig. 6 is 
complete, a layer 56 of refractive material is deposited on 
the upper surface 36 of the dielectric material layer 26a, on 
the upper edges 31 of the leg portions 27 and 28, and on the 
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upper surface 33 of the core material 32, as shown in Fig. 8. 
The layer 56 is preferably of the same refractive material 
from which the U-shaped refractive layer 30 has previously 
been formed. The layer 56 is preferably deposited using CVD 
or spin-on deposition techniques. The width of the layer 56 
is sufficient to span the horizontal width between the upper 
edges 31 of the leg portions 27 and 28 of the U-shaped 
refractive layer 30, and will generally cover the entire upper 
surface 36 as shown in Fig. 8. 

Next, using standard lithographic techniques, portions of 
the layer 56 which are positioned laterally to the exterior of 
the upper edges 31 of the leg portions 27 and 28 are patterned 
and etched away as shown in Fig. 9. The etching process 
leaves the cap portion 54 in contact with the upper edges 31. 
Thereafter, the upper dielectric material layer 2 6c is 
deposited and polished to complete the waveguide 50 (Fig. 7) . 

The same series of process steps described in Figs. 2-6, 
8 and 9 may be employed to create a multiple layer graded 
index of refraction waveguide 60, as shown in Fig. 10. The 
waveguide 60 includes the same components described in 
conjunction with the waveguide 50 shown in Fig. 7, but in 
addition includes a second interior encircling refractive 
layer 62 is located inside of the first outer encircling 
refractive layer 52. The interior encircling refractive layer 
62 is formed by a U-shaped layer 64 to which a cap portion 66 



is attached. The index of refraction of the interior 
encircling refractive layer 62 is greater than that of the 
outer encircling refractive layer 30, but less than the 
refractive index of the core material 32. Thus, four levels 
of gradation in refractive indices are available in the 
waveguide 60, with the relative magnitudes of the refractive 
indices increasing from the core material 32 to the inner 
encircling refractive layer 62, to the outer encircling 
refractive layer 52, and to the dielectric material 26 which 
forms the cladding for the waveguide 60. 

The waveguide 60 is fabricated using a continuation of 
the same process steps used in fabricating waveguides 22 and 
50, previously discussed above in connection with Figs. 2-6, 7 
and 8. The U-shaped portion 64 of the interiox encircling 
refractive layer 62 is formed as a part of a layer (not shown) 
formed in essentially the same manner as the layer 44 shown in 
Fig. 4 is formed, before the core material 32 is deposited 
(Fig. 5) . Thus, the second layer of refractive material (not 
shown) from which the U-shaped portion 64 is formed and the 
layer 44 are deposited in sequence and in a general parallel, 
self-aligning relationship with one another. Thereafter, the 
core material 32 is deposited within the interior of the 
second layer (not shown) , in a manner similar to that shown in 
Fig. 5. A CMP step such as that illustrated in Fig. 6 is next 
performed. As a result of the CMP step, the two U-shaped 
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portions 52 and 64 are formed, in a structure related to that 
shown in Fig. 6. Thereafter, a layer of material (not shown) 
from which the interior cap portion 66 is formed is deposited, 
in a manner similar to that illustrated in Fig. 8. 
Thereafter, this layer is patterned and etched in a manner 
similar to that illustrated in Fig. 9, thereby forming the 
interior top portion 66 for the interior refractive layer 60. 
From this point on, the process proceeds as described in 
conjunction with Figs. 8 and 9, to form the exterior cap 
portion 54 of the U-shaped material 30, thus completing the 
waveguide 60. 

The waveguide 60 offers a higher degree of optical 
transmission efficiency, i.e. less energy losses, compared to 
the waveguide 50. In the waveguide 60, the interior 
encircling refractive layer 60 has a higher index of 
refraction than the index of refraction of the exterior 
encircling refractive layer 30, but a lower index of 
refraction than the core material 32. With the indices of 
refraction arranged in the described manner, the graded 
indices of refraction better confine the light energy in the 
core material 32 and allow less light energy to escape into 
the surrounding dielectric material 26 forming the cladding, 
making the waveguide 60 more lossless. 

Any convenient number of additional refractive layers may 
be constructed in a waveguide following the principles 
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discussed above. All of the additional layers may be 
fabricated using conventional semiconductor IC fabrication 
steps in a conventional damascene process using process steps 
which are compatible with other process steps used to 
fabricate the IC-like structure. The resulting waveguides may 
be formed as needed and in multiple numbers to provide an 
enhanced layer of optical interconnects. 

Alternatively, in a manner similar to the waveguide 22 
shown in Fig. 1, one or more of the cap portions 54 and 66 of 
the waveguides 50 and 60 shown in Figs. 7 and 9, respectively, 
may be omitted, when the waveguides are employed to transmit 
single mode optical signals, or if otherwise desired. Thus, 
for example, a waveguide may be formed by any convenient and 
practical number of U-shaped portions 30 and 62. Further 
still, a waveguide may be formed from one or more encircling 
refractive layers (e.g. 52 or 62) in combination with one or 
more U-shaped refractive layers (e.g. 30 or 64). Eliminating 
one or more of the cap portions 54 and 66 still achieves 
improved optical transmission efficiencies from multiple 
interior refractive layers having different indices of 
refraction, particularly when single-mode, horizontally- 
planarized optical signals are transmitted. 

Preferred embodiments of the waveguides and methods of 
manufacturing them have been shown and described with a degree 
of particularity. The following claims define the scope of 
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the invention, and that scope should not necessarily be 
limited to the preferred embodiments described above. 
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THE INVENTION CLAIMED IS: 

1. A graded index of refraction waveguide formed in an 
integrated circuit-like structure having a substrate, 
comprising: 

at least one layer of dielectric material positioned 
above the substrate and defining a trench having side walls, 
the dielectric material having an index of refraction; 

a refractive layer of optically transmissive 
material adjoining the side walls within the trench and 
conforming to the side walls, the refractive layer having an 
index of refraction; and 

a core of optically transmissive material adjoining 
the refractive layer within the trench and conforming to the 
refractive layer, the core having an index of refraction; and 
wherein: 

the index of refraction of the core is greater than 
the index of refraction of the refractive layer, and the index 
of refraction of the refractive layer is greater than the 
index of refraction of the dielectric material. 

2. A waveguide as defined in claim 1 wherein: 

the refractive layer surrounds the core except on 
one side; and 

the dielectric material contacts the core on the one 
side where the refractive layer does not surround the core. 

3. A method as defined in claim 2 wherein: 



the refractive layer is U-shaped and surrounds the 
core except on the one side. 

4. A waveguide as defined in claim 3 further 
comprising: 

a cap of the refractive material extending across 
the one side of the core between ends of the U-shaped 
refractive layer, the cap adjoining and conforming to the core 
and the refractive layer, the cap having essentially the same 
index of refraction as the U-shaped refractive layer; and 

the cap and the U-shaped refractive layer encircling 

the core, 

5. A waveguide as defined in claim 1 further 
comprising: 

a second refractive layer of optically transmissive 
material in addition to the refractive layer first aforesaid, 
the second refractive layer located between the first 
refractive layer and the core, the second refractive layer 
adjoining and conforming to the first refractive layer and the 
core, the second refractive layer having an index of 
refraction; and wherein: 

the index of refraction of the second refractive 
layer is less than the index of refraction of the core and 
greater than the index of refraction of the first refractive 
layer . 

6. A waveguide as defined in claim 5 wherein: 
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the first and second refractive layers surround the 
core except on one side; and 

the dielectric material contacts the core on the one 
side of the core where the first and second refractive layers 
do not surround the core. 

1 . A method as defined in claim 6 wherein: 

the first and second refractive layers are each U- 

shaped; 

the second U-shaped refractive layer surrounds the 
core except on the one side of the core; and 

the first U-shaped refractive layer surrounds the 
second U-shaped refractive layer except on the one side of the 
core . 

8. A waveguide as defined in claim 7 further 
comprising: 

a cap of the refractive material extending across 
the one side of the core between ends of one of the first or 
second U-shaped refractive layers, the cap extending between 
the core and the dielectric material, the cap having 
essentially the same index of refraction as the U-shaped 
refractive layer to which the cap is connected; and wherein: 

the cap and the one of the U-shaped refractive 
layers to which the cap is connected encircle the core. 

9. A waveguide as defined in claim 7 further 
comprising: 
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a first cap of refractive material extending across 
the one side of the core between ends of the first U-shaped 
refractive layer, the cap adjoining and conforming to the core 
and the refractive layer, the cap having essentially the same 
index of refraction as the first U-shaped refractive layer; 
and 

a second cap of refractive material extending across 
the one side of the core between ends of the second U-shaped 
refractive layer, the second cap having essentially the same 
index of refraction as the second U-shaped refractive layer; 

the first cap adjoins and conforms to the dielectric 
material and the second cap; 

the second cap adjoins and conforms to the core and 
the first cap; 

the first cap and the first U-shaped refractive 
layer encircles the second cap and the second U-shaped 
refractive layer; and 

the second cap and the second U-shaped refractive 
layer encircles the core. 

10. A waveguide as defined in claim 5 wherein: 

the first refractive layer is formed by deposition 
in a self -aligned manner with the trench; 

the second refractive layer is formed by deposition 
in a self-aligned manner with the first refractive layer; and 

the core material is formed by deposition in a self 
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aligned manner with the second refractive layer. 

11. A waveguide as defined in claim 1 wherein: 

the refractive layer is formed by deposition in a 
self aligned manner within the trench. 

12. A waveguide as defined in claim 1 wherein: 

the refractive layer completely encircles the core. 

13. A method of fabricating a graded index of refraction 
optical waveguide in interlayer dielectric material located 
above a substrate of an integrated circuit-like structure, 
comprising the steps of: 

forming an elongated trench in the dielectric 

material; 

forming a U-shaped refractive layer of optically 
transmissive material in the trench; 

forming a core of optically transmissive material 
within the U-shaped refractive layer; 

selecting the core material to have a higher index 
of refraction than the material of the refractive layer; and 

selecting the material of the refractive layer to 
have a higher index of refraction than the dielectric 
material . 

14. A method as defined in claim 13 further comprising 
the step of: 

forming the trench into the dielectric material from 
an upper exposed surface of the dielectric material, 
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15. A method as defined in claim 14 further comprising 
the steps of: 

forming the trench with side walls and a bottom 
surface; and 

depositing the material of the refractive layer in a 
self-aligning manner within the trench on and conforming to 
the side walls and the bottom surface. 

16. A method as defined in claim 15 further comprising 
the step of: 

depositing the core material in a self aligning 
manner within the trench on and conforming to the refractive 
layer . 

17. A method as defined in claim 16 further comprising 
the step of: 

polishing the materials of the refractive layer and 
the core to create upper ends of the refractive layer and an 
upper surface of the core which are substantially planar with 
respect to an upper surface of the dielectric layer. 

18. A method as defined in claim 17 further comprising 
the steps of: 

depositing a cap of refractive material on the upper 
surface of the core and the upper ends of the refractive layer 
to encircle the core with the cap and the refractive layer; 
and 

selecting the refractive material of the cap to have 
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an index of refraction greater than the dielectric material 
and less than the core, 

19. A method as defined in claim 18 further comprising 
the step of: 

selecting the material of cap and the refractive 
layer to have substantially identical indices of refraction, 

20. A method as defined in claim 18 further comprising 
the steps of: 

depositing a layer of refractive material on an 
upper exposed surface of the dielectric material, on the upper 
ends of the refractive layer, and on the upper surface of the 
core; and 

etching the layer of deposited refractive material 
into the cap. 

21. A method as defined in claim 14 further comprising 
the steps of: 

forming the trench with side walls and a bottom 

surface; 

depositing the material of the refractive layer 
first aforesaid in a self aligning manner within the trench on 
and conforming to the side walls and the bottom surface; 

depositing the material of a second refractive layer 
in a self aligning manner within the trench on and conforming 
to the first refractive layer; 

selecting the material of the second refractive 
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layer to have an index of refraction greater than the first 
refractive layer and less than the core; and 

depositing the core material in a self aligning 
manner within the trench on and conforming to the second 
refractive layer, 

22. A method as defined in claim 21 further comprising 
the step of: 

polishing the materials of the first and second 
refractive layer and the core to create upper ends of the 
first and second refractive layers and an upper surface of the 
core which are substantially planar with respect to an upper 
surface of the dielectric layer. 

23. A method as defined in claim 22 further comprising 
the steps of: 

depositing a cap of refractive material on the upper 
surface of the core and the upper ends of at least one of the 
first and second refractive layers to encircle the core with 
the cap and the one refractive layer; and 

selecting the refractive material of the cap to have 
an index of refraction greater than the dielectric material 
and less than the core, 

24. A method as defined in claim 22 further comprising 
the steps of: 

depositing a first cap of refractive material 
extending between the upper ends of the first refractive 



layer; 

depositing a second cap of refractive material 
extending between the upper ends of the second refractive 
layer; 

depositing the second cap on and conforming with the 
upper surface of the core; 

depositing the first cap on and conforming to the 
second cap; 

selecting the refractive material of the second cap 
to have an index of refraction greater than the first cap and 
than the core; and 

selecting the refractive material of the first cap 
to have an index of refraction greater than the dielectric 
material and less than the second cap. 

25. A method as defined in claim 24 further comprising 
the step of: 

selecting the refractive material of the first cap 
to have substantially the same index of refraction as the 
first refractive layer; and 

selecting the refractive material of the second cap 
to have substantially the same index of refraction as the 
second refractive layer. 

26. A method of fabricating a graded index of refraction 
optical waveguide in interlayer dielectric material located 
above a substrate an integrated circuit-like structure, 
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comprising the steps of: 

forming a refractive layer of optically transmissive 
material having a surrounding a core of optically transmissive 
material within a trench in the dielectric material; and 

selecting the material of the core to have a higher 
index of refraction than the material of the refractive layer 
and the material of the refractive layer to have a higher 
index of refraction than the dielectric material. 
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ON-CHIP GRADED INDEX OF REFRACTION OPTICAL WAVEGUIDE AND 
DAMASCENE METHOD OF FABRICATING THE SAME 

Abstract of the Disclosure 

A graded index of refraction optical waveguide is formed 

in interlayer dielectric material located above a substrate an 

integrated circuit-like structure. The waveguide includes a 

refractive layer of optically transmissive material 

surrounding a core of optically transmissive material within a 

trench in the dielectric material. The material of the core 

has a higher index of refraction than the refractive layer and 

the material of the refractive layer has a higher index of 

refraction than the dielectric material. More than one 

refractive layer may also be formed in the trench, with the 

Inner refractive layer having an index of refraction higher 

than the outer refractive layer and less than the core. 



39 



31 32 33 31 36 




20 



64 31 32 33 66 31 36 



26c 



FIG.2 




FIG.4 




FIG.5 



31 32 31 
97 I 1 33 




FIG.6 




FIG.8 




FIG.9 



12-21-98; 9: 1 1AM; 719 598 2196 => JOHN R LEY; #4 

DEC 21 '98 10:13AM SYMBIOS LOGIC INC-COLO SPGS-MFG p. 4/7 



PATENT 

Attorney Docket No. 98-027 
Express Mail Label No. EL247018662US 



COMBINED DECLARATION AND POWER 
OF ATTORNEY FOR PATENT APPLICATION 

As one of the below-named tnv/entors, I hereby declare that: 

My residence, post office address and citizenship is as stated below next to my name. 

I believe I am the first, original and joint inventor of the subject matter which is claimed and 
for which a patent is sought on the invention entitled ON-CHIP GRADED INDEX OF 
REFRACTION OPTICAL WAVEGUIDE AND DAMASCENE METHOD OF FABRICATING 
THE SAME, the specification of which is filed oonourrently herewith, and which is assigned 
Attorney Docket No. 98-027 by my below-named attorneys. 

The persons named as inventors are: Verne C. Hornbeck and Derryl D. J. Allman. 

I hereby state that I have reviewed and understand the contents of the above-identified 
specification, including the claims. 

I acknowledge the duty to disclose information which is material to the examination of this 
application in accordance with Title 37, Code of Federal Regulations, § 1.56(a). 

No priority claim is made under 35 U.S.C. § 1 19 or 35 U.S.C. § 120. 

Power of Attorney: As the named inventors, we hereby appoint Wayne P. Bailey, 
Registration No. 34,289, David G. Pursel, Registration No. 28,659, Ralph Veseii, 
Registration No. 33,807, David K. Lucente, Registration No. 36,202, Bruce Hopenfeld, 
Registration No. 39,714, Sandeep Jaggi, Registration No. 43,331, John R. Ley, Registration 
No. 27,453, and Timothy B. Scull, Registration No. 42,137, to prosecute this application and 
transact all business in the Patent and Trademark Office connected therewith. 

Send all correspondence to: 

Wayne P. Bailey 
Law Department Symbios Logic Inc. 
2001 Danfield Court 
Fort Collins, Colorado 80525, 
Telephone: (970) 225-4908 
Facsimile: (970) 225-4872 



COMBINED DECLARATION AND POWER OF ATTORNEY 

FOR PATENT APPUCATION 

Pagel of 2 



RECEIVED: 12-21-88; 9:12AM; 719 596 2196 => JOHN H LEY; #5 

DEC 21 '98 10:13P81 SYMBIOS LOGIC INC- COLO SPGS-MFG P. 5/7 



r 



i hereby declare that ail statements made herein of my own knowledge are true and that ail 
statements made on information and belief are believed to be true, and further that these 
statements were made with the knowledge that willful false statements and the like so made 
are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United 
States Code and that such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 

Full name of first joint inventor Verne C. Hornbeck 



Post Office Address: 



8325 Freemantle Drive 



Colorado Sorinps. CO 80920 



Residence Address: 



8325 Freemantle Drive 



Colorado Springs. CO 80920 



inventor's Signature i/sa^l^ 

Date: 




Citizenship: United States of America 



Full name of second joint inventor: Derrvl D. J. AHman 



Post Office Address: 



Residence Address: 



Inventor's Signature 



Data: 



2825 Zephyr Drive 



Colorado Springs. CO 80920 



2825 Zephvr Drive 



Colorado Springs. CO 80920 




Citizenship: United States of America 



COMBINED DECLARATION AND POWER OF ATTORNEY 

FOR PATENT APPLICATION 
Page2of2 



